Nuclear transition matrix elements (NTME) for the neutrinoless double beta decay of 70 Zn, 80 Se and 82 Se nuclei are calculated within the framework of the deformed shell model based on Hartree-Fock states. For 70 Zn, jj44b interaction in 2 p 3/2 , 1 f 5/2 , 2 p 1/2 and 1 g 9/2 space with 56 Ni as the core is employed. However, for 80 Se and 82 Se nuclei, a modified Kuo interaction with the above core and model space are employed. Most of our calculations in this region were performed with this effective interaction. However, jj44b interaction has been found to be better for 70 Zn. After ensuring that DSM gives good description of the spectroscopic properties of low-lying levels in these three nuclei considered, the NTME are calculated. The deduced half-lives with these NTME, assuming neutrino mass is 1 eV, are 9.6 × 10 25 yr, 1.9 × 10 27 yr and 1.95 × 10 24 yr for 70 Zn, 80 Se and 82 Se, respectively.
I. INTRODUCTION
Neutrinoless double beta decay (0νββ or 0ν DBD) which involves emission of two electrons without the accompanying neutrinos and which violates lepton number conservation has been an important and challenging problem both for the experimentalists and theoreticians. Recent neutrino oscillation experiments have demonstrated that neutrinos have mass.
The observation of 0νββ decay is expected to provide information regarding the absolute neutrino mass which is not known. To extract neutrino mass, the nuclear matrix elements must be known from a reliable nuclear model and hence the main goal of nuclear theorists is to calculate the nuclear transition matrix elements as accurately as possible. On the other hand experimental programmes have been initiated at different laboratories across the globe to observe this decay and the experiments are already in advanced stages of development. The most recent experimental results of 0νββ decay of 136 Xe have been reported by KamLand-Zen collaboration [1] and EXO 200 collaboration [2] and they give a lower limit of 3.4 × 10 25 yr for the half-life. On the other hand, phase I results from GERDA experiment [3] for 76 Ge are published recently giving a lower limit of 3.0 × 10 25 yr for the half-life.
Nuclear transition matrix elements (NTME) are the essential ingredient for extracting the neutrino mass from the half lives. There has been considerable effort to obtain NTME for various candidate nuclei and they have been calculated theoretically using a variety of nuclear models: (i) large scale shell model [4] ; (ii) quasi-particle random phase approximation (QRPA) and its variants [5] [6] [7] ; (iii) proton-neutron interacting boson model (IBM-2) [8] ; (iv) particle number and angular momentum projection including configuration mixing within the generating coordinate method framework (GCM+PNAMP) [9] ; (v) projected HartreeFock-Bogoliubov (PHFB) method with pairing plus quadrupole quadrupole interaction [10] .
Detailed comparative study of the results from these methods is discussed recently in [11] .
Besides the two electron mode, it is also possible to have neutrinoless positron double beta decay and this can come in three modes: (i) double β + (β + β + ), (ii) β + and electron capture (β + EC) and (iii) double electron capture (ECEC) . All these three modes combined are referred to as 0ν e + DBD. There are now efforts to observe 0ν (and also 2ν) e + DBD in some nuclei; see for example [12] [13] [14] .
Over the last many years, the Deformed Shell Model (DSM) (based on Hartree-Fock states) has been used to study various properties of nuclei in the mass A=60-90 region (also in A=44-60) with reasonable success. They include: (i) spectroscopic properties such as band structures, shapes and shape coexistence, nature of band crossings, electromagnetic transition probabilities [15] [16] [17] [18] [19] [20] ; (ii) T = 1 and T = 0 bands in N=Z odd-odd nuclei and T = 1/2 bands in odd-A nuclei by including isospin projection [21] [22] [23] ; (iii) transition matrix elements for µ − e conversion in 72 Ge [24] and in the analysis of data for inelastic scattering of electrons from f p-shell nuclei [25] . More importantly, this model has also been used for studying 2ν double beta decay, in a first attempt, for 76 Ge → 76 Se in [26] with reasonable success. Following this and the success of DSM in explaining spectroscopic properties of nuclei in A=60-90 region, we have started a study of DBD in A=60-90 nuclei.
As shown in In addition to completing the study of the four candidate nuclei listed in Table I [31] ). Our purpose in the present paper is to present DSM results for these nuclei. We will give a preview.
In Section 2 discussed briefly are the formula for half life for 0νDBD, the transition operator generating NTME and the DSM model. 
where m ν is the effective neutrino mass (a combination of neutrino mass eigenvalues and it also involves neutrino mixing matrix) and k denotes the decay modes. The G 0ν (k) is phase space integral (kinematical factor) dependent on charge, mass and available energy for the 0νDBD process. In Eq. (1), the M 0ν is the nuclear transition matrix element (NTME) of the 0νDBD transition operator and it is a sum of a Gamow-Teller like (M GT ), Fermi like (M F ) and tensor (M T ) two-body operators. As it is well known that the tensor part contributes only up to 10% of the matrix elements [11] , we will neglect the tensor part. Then we have, from the closure approximation which is well justified for 0νDBD,
Note that τ + changes a neutron into a proton. As seen from Eq. (2), 0νDBD half-lives are generated by the two-body transition operator O(2 : 0ν); note that a, b label nucleons. The g A and g V are the weak axial-vector and vector coupling constants. The H(r ab , E) in Eq. (2) is the 'neutrino potential'. [33, 35] . Now keeping the wave functions unaltered, the Jastrow function can be incorporated into H(r ab , E) giving an effective H ef f (r ab , E),
The values chosen for the parameters γ 1 , γ 2 and γ 3 are given below. For further details regarding the transition operator, see [30] .
There are a number of parameters in the 0νDBD transition operator and the choices made for the various parameters are: [35, 36] . Now we will discuss briefly the deformed shell model formulation for calculating NTME.
B. DSM model
In DSM, for a given nucleus, starting with a model space consisting of a given set of single particle (sp) orbitals and effective two-body Hamiltonian, the lowest energy intrinsic states are obtained by solving the Hartree-Fock (HF) single particle equation self-consistently.
Excited intrinsic configurations are obtained by making particle-hole excitations over the lowest intrinsic state. These intrinsic states χ K (η) do not have definite angular momenta.
and states of good angular momentum projected from an intrinsic state χ K (η) can be written in the form
where N JK is the normalization constant given by
In Eq. formed. For details see [30] .
DSM is well established to be a successful model for transitional nuclei (with A=60-90)
when sufficiently large number of intrinsic states are included in the band mixing calculations. Performing DSM calculations for the parent and daughter and then using the DSM wave functions, the O(2 : 0ν) operator matrix elements are calculated and the results are presented in the next three Sections.
III. 70 ZN RESULTS

A. Spectroscopic properties
The double beta decay of 70 Zn has recently been studied experimentally by Belli et al [12] (they set the lower limits to the half life for neutrinoless DBD to be 3.2 × 10 19 yr at 90% C.L.). Its natural isotopic abundance is 0.62%. Before going to double beta decay, we will first study its spectroscopic properties using DSM model to test the goodness of the model for this nucleus.
70 Zn with 30 protons and 40 neutrons lie near the proton shell closure and neutron subshell closure. The daughter nucleus 70 Ge has two neutrons less and two protons more. The ground state energy spectra for both the nuclei are similar. The energy levels are more or less equispaced. As discussed in Sect. II.B., we first carry out an axially symmetric HF calculation for each nucleus using the newly developed jj44b effective interaction [37] within the model space consisting of the orbitals 2 p 3/2 , 1 f 5/2 , 2 p 1/2 and 1 g 9/2 with 56 Ni as the core.
The spherical single particle energies for these orbits are taken as -9.6566, -9.2859, -8.2695
and -5.8944 MeV and are kept same both for protons as well as neutrons. In the past we have performed many calculations in this region using a modified Kuo interaction. However, 70 Zn lies very close to the proton shell closure and the modified Kuo interaction has been found to be inadequate for this nucleus. Hence we study this nucleus using the jj44b effective interaction developed by Brown and his group [37] . The lowest energy HF solutions for Going beyond these, orbit occupancies for protons and neutron for these nuclei are presented in fig. 4 . It is important to add that, recently there has been experimental efforts to measure the population of the valence orbits in several double beta decay candidate nuclei [39] [40] [41] [42] [43] . It will be quite useful if single nucleon transfer experiments are performed for 70 Zn and 70 Ge nuclei to test these results.
B. 2ν DBD half lives and 0ν DBD NTME and half lives First we will consider 2ν DBD and the half-life for the 0
The kinematical factor G 2ν is independent of nuclear structure and its value G 2ν = 0.32 ×
10
−21 yr −1 [44] ). On the other hand, the nuclear transition matrix elements (NTME) M 2ν
are nuclear model dependent and they are given by,
where 0 Ge as in 2ν case. The calculated NTME comes out to be 0.71. As discussed in detail in our earlier publication [30] , DSM results for NTME need to be normalized by a factor 3. This is a result of the fact that DSM is an approximation to the spherical shell model. The NTME obtained using DSM for 76 Ge are compared with large shell model results [4] to arrive at the renormalization factor. Thus, the NTME for 70 Zn is 2.13. Now, using Eq. (1) [48] with spherical single particle energies of neutrons to be same as protons taken above. However the present set of single particle energies gives much better description of spectroscopic properties. The HF single particle spectrum for these two nuclei are given in values are given near the arrows in the figure and the known B(E2)s are well reproduced. In order to study the energy spectrum of the daughter nucleus 80 Kr, we have considered a total of 12 intrinsic states, the excited ones are obtained by particle-hole excitation. The energy spectrum obtained after angular momentum projection and band mixing is shown in fig. 7 .
Experimentally for this nucleus, the ground band up to J = 10 + and a quasi-gamma band have been observed. This nucleus shows three 8 + and two 10 + levels. The ground band and the quasi-gamma band are quite well reproduced in our calculation. We find that a proton aligned band crosses the ground band at J = 10 + . In addition, we predict an excited
In our calculation, we also obtain three close lying 8 + and two close lying 10 + levels as in the experiment. We have calculated B(E2) values for all possible transitions.
The comparison with experiment for some of the B(E2) values are given in Table II . In the calculation of B(E2), we have used the effective charges 1.6 and 1.0 for protons and neutrons as in our earlier calculations with this effective interaction. For both the nuclei, we have also calculated the orbit occupancies and they are displayed in Fig. 4 .
B. 2ν DBD half lives and 0ν DBD NTME and half lives
The 2νββ decay for this nucleus is studied using the Eqns. 6 Fig. 8 . 82 Se also has a well defined gap 2.1 MeV and 3.2 MeV above the proton and neutron Fermi surfaces and hence it has a stable shape.
However for the daughter nucleus 82 Kr, the gaps are much smaller. The proton gap is only 0.9 MeV whereas the neutron gap is 1.8 MeV. For calculating the energy spectrum, we perform particle-hole excitations over the lowest HF configuration for each nucleus and obtain excited intrinsic states. Good angular momentum states are projected from each of these intrinsic states. These good angular momentum states are then orthonormalized and then a band mixing calculation is performed. For studying the energy spectrum of 82 Se, we considered 10 intrinsic states. The energy spectrum is given in fig. 9 . The ground band is quite well reproduced in our calculation. We find that a neutron aligned band crosses the ground band at J = 8 + . Recently we had studied the 2νββ decay of this nucleus [31] B. 2ν DBD half lives and 0ν DBD NTME and half lives
The two 2ν DBD for 82 Se is first studied using Eqns. 6 and 7. We have considered Then we proceed to calculate the neutrinoless double beta decay half life. We take 7
configurations for the parent nucleus 82 Se and 48 configurations for the daughter nucleus 82 Kr as in the two neutrino case with K = 0 + . Good J = 0 + states are projected from these intrinsic states and they are orthonormalized by performing band mixing calculation for each nucleus. The calculated nuclear matrix element, with renormalization, is 2.16. Taking the phase space factor 0.11 × 10 −24 yr −1 [44] and the neutrino mass to be 1eV, the half life is 1.95 × 10 24 yr. The half lives are presented in table III. It should be added that there is considerable interest in 82 Se because of the upcoming SuperNEMO experiment [49] .
The NEMO-3 gave a lower limit of 3.2 × 10 23 yr at 90% C.L. for this nucleus [49] . With SuperNEMO coming soon, new large scale shell model calculations are being carried out and the current values for NTME from shell model are ∼ 3 − 3.4 [50] .
VI. CONCLUSIONS
In the A=60-90 region with 30 ≤ Z ≤ 40 and N ≤ 48 there are eight candidate nuclei, as shown in Table I Table III . The present paper brings to conclusion DSM study of the eight DBD candidate nuclei listed in Table I . Future DSM studies call for using much larger set of single particle levels, suitable effective interactions in the larger spaces and inclusion of much larger number of intrinsic states in band mixing calculations. data are from ref [38] .
